We describe and characterize a stromal cell independent culture system that efficiently supports pro-B cell to IgM + B cell development with near normal levels of IgH and Igκ diversity. 
Introduction
The utility of in vitro culture methods to identify factors necessary for B lymphopoiesis is well known (Ray et al., 1998; Cho et al., 1999; Hess et al., 2001) . Most culture systems used to study lymphopoiesis and the development of hematopoietic progenitor cells (HPC) employ stromal cell lines, e.g., OP9 (Nakano et al., 1994) and S17 (Collins and Dorshkind, 1987) , to provide necessary growth and differentiation factors (Billips et al., 1992) . These stromal cells provide essential cytokines that support hematopoiesis (Baird et al., 1999) and express adhesion molecules that in vivo, define specialized bone marrow (BM) niches that promote B cell development (Tokoyoda et al., 2004) . The capacity of stromal cell culture systems to support the development of B-lineage cells from HPC has been well characterized (Rolink et al., 1991a; Nakano et al., 1994) and contributed to the discovery of IL-7 as a key cytokine for the stromal-dependent phase of mouse B cell development (Cumano et al., 1990; Billips et al., 1992) . However, stromal cell cultures are incapable of efficient de novo production of IgM + B cells without the addition of exogenous cytokines (Flt-3L) or B cell mitogens (LPS) (Ray et al., 1998; Cho et al., 1999) . In part, the presence of IL-7 in stromal cell cultures limits IgM + B cell development. B cell precursors maintained in the presence of IL-7 continue to proliferate, retain their Igκ and Igλ gene loci in germ-line configuration and, therefore, do not express surface IgM (ten Boekel et al., 1995) . Withdrawal of IL-7 from B cell cultures decreases proliferation and is associated with increased expression of genes (RAG1/2) that are required for light chain (LC) gene rearrangements (Rolink et al., 1991a,b) . IL-7-mediated regulation of B cell maturation is suggested to occur either by direct control of Ig recombinase gene activity (Billips et al., 1995) or by controlling cell cycle (Li et al., 1996) . B cell receptor (BCR) transgenic (Tg) pre-B cells require IL-7 for proliferation but are able to bypass IL-7-mediated developmental blockade as LC rearrangement is no longer required to continue differentiation (Melamed et al., 1997; Tze et al., 2000) . Several groups have demonstrated that B lymphopoiesis can occur in the absence of BM stromal cells if the proper cytokines are provided (Tze et al., 2000; Luo et al., 2009 ) Indeed, Claudio et al. (2002) reported that the removal of IL-7 and addition of BAFF to their B cell culture system yields surface IgM + B cells.
The B cell activating factor belonging to the TNF family (BAFF) is a cytokine that promotes B cell survival and B cell maturation (Batten et al., 2000; Rolink et al., 2002; Gorelik et al., 2004) . BAFF −/− and BAFF-R −/− mice show an increase T1 B cell compartment and have substantially reduced amounts of more mature B cell subsets (Schiemann et al., 2001; Thompson et al., 2001) . Conversely, BAFF Tg mice have elevated numbers of mature B cells and develop autoimmune-like manifestations . BAFF signaling is mediated through three independently regulated receptors on B cells: B cell activating factor receptor (BAFF-R), transmembrane activator and CAML interactor (TACI) and B cell maturation antigen (BCMA) (reviewed in (Mackay et al., 2003) ).
One clear limitation of stromal-independent cultures is that newly-formed B cell populations have not been systematically characterized. We describe and detail a stromalindependent culture system that supports the survival, proliferation and differentiation of virtually all BM B cell developmental stages. These culture-derived (CD) B-lineage cells are phenotypically and genotypically similar to their in vivo counterparts. Furthermore, we show that our culture system permits the development of autoreactive B cells which are normally purged during their development in the BM. CD cells were used to reconstitute peripheral lymphoid tissues of RAG −/− mice and restored both serum IgM and IgG to control levels. CD B cells maintained their bias toward autoreactive specificities even after transfer to RAG −/− hosts.
Materials and methods

Mice
C57BL/6, RAG1 deficient (B6.129 S7-Rag1tm1Mom/J) mice (both, The Jackson Laboratory, Bar Harbor ME), and congenic C4 −/− (Fischer et al., 1996) mice were maintained in the Duke University vivarium. Congenic 3H9R HC-KI (Chen et al., 1995) mice were kindly provided by Dr. R. Eisenberg (University of Pennsylvania). RAG1 deficient mice were reconstituted with 2 × 10 7 CD B-and T cells by i.v. injection;
these CD-RAG mice were held for 3-5 weeks before their use in experiments. Mice were housed in specific pathogen-free conditions at the Duke University Animal Care Facility and given sterile bedding, water and food; animals were entered into experiment protocols at 6-8 weeks of age. All experiments were approved by the Duke University Animal Care and Use Committee.
Tissue preparation
Mice were sacrificed by cervical dislocation. BM was collected from long bones of the hind legs by flushing with 1 ml cold, Iscove's modified Dulbecco's Medium (IMDM) containing 10% defined fetal bovine serum (HyClone, Logan Utah), 5.5 × 10 − 5 M 2-ME, penicillin (10 units/ml), and streptomycin (10 μg/ml). BM was disaggregated and dispersed into single-cell suspensions by repeated pipetting. The preparation of cells from spleen, lymph node and thymus has been described (Chen et al., 2000a) . Viable cells from dissociated tissues were enumerated in hemocytometers by Trypan Blue exclusion.
Flow cytometry
To identify, characterize, and isolate lymphocytes, mAb included: B220-PacificBlue (RA3-6B2), CD23-biotin (B3B4), CD93-APC (AA4.1), BP-1-PE (6C3), CD24-biotin (M1/69), CD24-FITC (M1/69), CD43-APC (S7) and APC-Alexa750-conjugated streptavidin were purchased from BD Pharmingen (San Diego, CA); and anti-mouse IgM-PEcy7 (eB121-15F9), anti-mouse IgD-FITC (11-26), CD21-PE (eBio8D9), 3), CD1d-PE (1B1), CD80-FITC (16-10A1), CD86-PE (GL1), CD4-PEcy7 (L3T4), CD8-PEcy5 (Ly-2), CD44-FITC (IM7), CD62L-PE (MEL-14), Gr-1-PEcy5 (Ly6G), CD11b-PEcy5 (M1/70) and TCRβ-APC (H57-597) were purchased from eBioscience (San Diego, CA). 10 6 cells were suspended in FACS Buffer and labeled with mAb described above. FACS buffer contained 1 × PBS (pH7.2) with 3% FBS (Sigma) and 0.01% Sodium Azide. Propidium iodide (PI) was used to exclude dead cells from our samples. All FACS analysis was performed using a BD LSRII or Canto cytometer and presented with FlowJo software. Cell sorting was performed on a BD FACSVantage cytometer.
B cell culture system
BM contents from single mice were dispersed in 5 ml of IMDM by repeated pipetting; cell suspensions from multiple mice were routinely pooled in 10 cm culture dishes. BM cells were incubated (15 min; 37°C) to permit cell attachment. Non-adherent cells were recovered by centrifugation (4°C; 400 ×g; 5 min), resuspended in 1 ml ACK buffer (1 min; 0°C) to remove erythrocytes, and immediately washed in 10 ml IMDM (Chen et al., 2000a) . Washed live cells from BM were enumerated in Trypan Blue and transferred into T-75 culture flasks (7.5 × 10 5 cells/ml; 25 ml) for 4 d in IMDM supplemented with recombinant mouse IL-7 (10 ng/ml) (R&D Systems, Minneapolis, MN). Typically, non-adherent BM cells were twice cultured in IL-7 containing IMDM (4 days, each) followed by a single round of culture in IMDM containing BAFF (20-100 ng/ml; 3-4 days). Between sequential cultures, cells were washed and re-plated at the initial concentration.
ELISA
ELISA plates (BD Falcon) were coated (overnight, 4°C) with 2 μg/ml (50 μl/well) of goat anti-mouse Ig(H + L) (Southern Biotechnology Associates, Birmingham, AL) in carbonate buffer (0.1 M; pH9.5). Coated plates were washed with 1 × PBS (pH7.4) containing 0.1% Tween-20 and 0.5% BSA (USB Corporation). Wells were incubated (2 h; 25°C) with blocking buffer (PBS (pH7.4), 0.5% BSA). Serum samples were initially diluted 1/1000; followed by serial 3-fold dilutions. Purified mouse IgM (B1-8) and IgG (H33Lγ1) mAbs were used as a standard (30 μg/ml to 0.5 ng/ml) to determine serum Ab concentrations. HRP-conjugated goat anti-mouse IgM and goat anti-mouse IgG were used to detect bound antibody (Southern Biotechnology Associates, Birmingham, AL).
ELISpot
ELISpot plates (Millipore) were coated (overnight; 4°C) with 2 μg/ml (50 μl/well) of goat anti-mouse Ig(H + L) in carbonate buffer (0.1 M; pH9.5). Coated plates were washed with PBS (pH7.4) containing 0.1% Tween-20 and 0.5% BSA. Wells were incubated (2 h; 25°C) with blocking buffer (PBS (pH7.4), 0.5% BSA). B cells were incubated (3 × 10 4 cells/well;
200 μl IMDM) with LPS (5 μg/ml; 1-3 d). LPS-activated B cells were washed (3×; 5 ml IMDM) and were incubated (0. 
Immunofluorescence
NIH-3 T3 cells (1-2 × 10 4 cells/ml; 10 ml) were plated onto 10 cm tissue culture plates (24 h; 37°C) containing sterile glass coverslips. Coverslips were removed and immersed (10 min; −20°C) in methanol:acetone (1/1) for cell fixation. Slides containing C. luciliae (Scimedx Corporation, Denville, NJ) or coverslips containing NIH-3 T3 cells were rehydrated (PBS (pH7.4); 30 min; 25°C). Samples were blocked (2 h; 25°C) using PBS (pH7.2) containing rat antimouse CD16/CD32 (1%), purified rat IgG (5%), FBS (10%) and Tween-20 (0.1%). Samples were washed (1 min) in PBS (pH7.2) containing BSA (1%) and Tween-20 (0.1%). Samples were labeled with serum (1/20) or 2-ME treated hybridoma Ab (50 μg/ml) (2 h; 25°C) followed by extensive washing (2 × 150 ml; 10 min each; 1 × 150 ml; overnight). Ab was detected using goat anti-mouse Igκ-FITC or goat anti-mouse Igλ-FITC Ab (2 h; 25°C) followed by extensive washing (3 × 150 ml; 10 min each). Coverslips were mounted to slides using Fluoromount-G (Southern Biotechnology Associates, Birmingham, AL). Images were acquired using a Zeiss Axiovert 200M confocal immunofluorescent microscope.
Sequence analysis of V(D)J rearrangements
Genomic DNA was isolated from sorted B cell subsets from cultures or BL/6 mice by phenol-chloroform extraction (Invitrogen). V(D)J rearrangements were amplified by seminested PCR using Pfu polymerase (Stratagene, La Jolla, CA) (Han et al., 1997) with 5′ primers specific for V H 1, Vκ4 or Vκ5 genes, and a reverse primer specific for J H 2 or J κ 2 (Supplemental Table 1 ). This approach allows the amplification of V H − or Vκ− to J H 1 or J H 2 and Jκ1 or Jκ2, respectively. Amplified V(D)J products were gel purified and ligated into pCR2.1 plasmid (Invitrogen) and cloned by bacterial transformation (Jacob et al., 1991) . Cloned V(D)J inserts were sequenced in an Applied Biosystems automated DNA sequencer and analyzed by IMGT/V-QUEST (http://imgt.cines.fr) and NCBI blast search (http://www.ncbi.nlm.nih.gov/BLAST) software. Light chain rearrangements of 3H9 CD hybridomas were amplified by PCR as previously described (Rohatgi et al., 2008) and sequenced as described above.
Quantitative real-time PCR
A. Genomic DNA was isolated from sorted B cell subsets of cultures or BL/6 mice by phenol-chloroform extraction (Invitrogen). VDJ rearrangements were amplified from ∼20 ng of genomic DNA by q-rtPCR method using SYBR Green PCR reagent (Applied Bioscience) with forward primers specific for V H 1, V H 2 or V H 9 genes and a reverse primer specific for J H 1 (Supplemental Table 1 ). The relative abundance of rearranged DNA was normalized to CD14 signal and was calculated by the comparative threshold cycle method (Ueda et al., 2007) .
B. Expression of B cell mRNA was measured by q-rtPCR. Briefly, total RNA was extracted from sorted cell populations (∼10 5 cells) using Trizol/chloroform extraction (Invitrogen).
cDNA was prepared by standard methods (Ueda et al., 2005 (Ueda et al., , 2007 using oligo(dT) 12-18 primers and Superscript III reverse transcriptase (both, Invitrogen, Carlsbad CA). PCR primers used in this study are listed (Supplemental Table 1 ) or previously described (Lazorchak et al., 2006) . The relative expression levels of each message were normalized to Igβ message and were calculated by the comparative threshold cycle method (Ueda et al., 2007) . All measurements were performed using a Bio-Rad iCycler equipped with a MyiQ optical module (Bio-Rad). however, after 4 days with IL-7, ≥80% of 1°CD cells expressed B220 and cultures increased 2-3 fold in B220 + cell number (Table 1) . To identify the B cells present in BM and recovered in 1°cultures, each cohort was labeled with mAb to B220, IgM, IgD, CD23 and CD21 to identify B cell subsets ( (Fig. 1) . Each CD B cell population expressed CD93, CD23 and CD21 at similar levels compared to BM B lymphocytes (data not shown). Pro-/ pre-B cells were the most abundant population of 1°CD cells (∼80% of B220 + cells) ( Fig. 1 and Table 1 ). Immature and T1
Results
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B cells were each present at 5-10% in the cultures; whereas, T2 and mature B cells were each present at ≤5% ( Fig. 1 and Table 1 ). In addition to these characterizations, BM and 1°CD cells were 18.8 84.8 ± 2.0 81.7 ± 1.8 9.2 ± 1.2 5.6 ± 0.6 2.1 ± 0.3 1.0 ± 0.3 2°CD IL-7 18.8 96.6 ± 1.0 97.2 ± 0.5 1.0 ± 0.1 0.5 ± 0.1 0.3 ± 0.1 0.3 ± 0.1 3°CD BAFF 18.8 96.7 ± 0.9 67.8 ± 5.5 8.6 ± 0.9 7.7 ± 0.6 6.5 ± 0.5 0.6 ± 0.7 analyzed using Hardy's method then cultured cells were labeled with mAb to identify B cell subsets (Fig. 1 ). The number of cells recovered from 2°CD cultures was 2-4 times greater than input values and 95% of cells expressed B220 (Table 1) . The most abundant population (95%) of 2°CD cells were pro-/pre-B cells whereas IgM + cells were minor populations (<5%) of cells ( Fig. 1 and Table 1 ). 2°CD cells were analyzed using Hardy's method, and we observed that Fraction "A" (pre-pro-B) (B220 lo CD43
hi BP-1 lo HSA lo ), "B" and "C and C′" cells comprised <1%, 10-15%
and 80-85% of the cultures, respectively (Fig. 1) . B cell progenitors occupy independent BM niches depending upon their relative maturity (Nagasawa, 2006; Pereira et al., 2009 (Table 1 and Fig. 1, right) . CD93 was highly expressed on pro-/pre-B cell compartments and its expression decreased as maturation increased through the T2 B cell compartment (Fig. 1, right) . CD23 and CD21 expression increased at the transitional B cell compartments similar to BM (Fig. 2) . These results indicated that pro-/pre-B cells that expanded during the IL-7 + cultures retained their potential to differentiate. The sequential culture system of 1°(IL-7), 2°(IL-7) and 3°(BAFF) generated a large number of Ig + B cells grown independently of the BM microenvironment.
Since mature T cells are present at low frequencies within the BM (Supplemental Fig. 1A, top) , we examined whether BM T cells survived in our cultures by FACS using mAbs for CD4, CD8, CD62L and CD44 (Kaech et al., 2002) . In BM, we observed that ∼ 5% of B220 neg cells expressed CD4 or CD8
and the majority (>50-60%) of these cells were CD62L hi C-D44 lo , a phenotype consistent with a mature, naïve T cells (Supplemental Fig. 1A ). In 1°and 2°CD cultures, 5-20% of cells were B220 neg (Table 1) and 25-50% of these CD cells expressed CD4 or CD8 (Supplemental Fig. 1A) . Again, the majority (>80%) of these T cells exhibited a phenotype (CD62L hi CD44 lo ) consistent with naïve T cells. We determined the absolute number of cells with each T-cell phenotype that were recovered from 1°and 2°cultures (Supplemental Fig. 1B nd 2°cultures. These data indicated that mature T cells survived through each IL-7 + phase of the culture system.
CD B cells have phenotypic and gene expression profile similar to BM B cells
We characterized CD B cells for surface antigens that are differentially expressed by distinct B cell subsets (Carsetti et al., 2004; Lopes-Carvalho and Kearney, 2004; Pillai et al., 2005; Hardy, 2006) from BM, spleen and peritoneal cavity (PC). Cells from each tissue were labeled with mAb to B220, IgM, IgD and CD23, CD21, CD5, CD1d or CD11b. BM and CD B cells were characterized by their B220, IgM and IgD expression (Gorelik et al., 2004 ) and mature B cells as described (Martin and Kearney, 2001) .
CD B cells most closely resembled BM B cell compartments (Fig. 2) . Early CD and BM B cell fractions (pro-/pre-to T1) were indistinguishable for all markers tested ( Fig. 2A-B) . The T2 and mature B cells generated in vitro displayed increased expression of CD23 and CD21 when compared to their respective BM counterparts ( Fig. 2A-B) , consistent with previous reports that BAFF signaling induces increased CD23 and CD21 expression (Gorelik et al., 2004) . All CD B cells, regardless of their developmental status, express low levels of CD5 ( Fig. 2A) . As determined by MFI, CD5 expression by pro-/pre-B and immature B cells is ≤15% of peritoneal B1 cells whereas transitional and mature phenotype CD B cells express CD5 at levels <33% of freshly isolated B1 cells ( Fig. 2A,D) . CD1d is used for lipid-antigen presentation by B cells and is highly expressed on MZ B cells (Amano et al., 1998; Lee et al., 1998) . Expression of CD1d increases during maturation from pro-/pre-B cells to T1 B cells, followed by a decreased expression as B cells continue to mature (Fig. 2B) . CD B cells express CD1d similar to BM B cells; however, T2 B cells sustain CD1d expression (Fig. 2A) . Taken together, the surface phenotype of CD B cells suggests that we are generating B cells in vitro that are similar to BM-derived B cells.
Phenotypically normal cells may have gene expression rendering them dysfunctional. To directly compare gene expression, we sorted control and CD B cells (pro/pre, imm/ T1 and T2/mature) to harvest mRNA for quantitative realtime PCR (q-rtPCR). We measured the expression of genes crucial for B cell development, survival and V(D)J recombination of immunoglobulin (Ig) loci. RAG1/2 and TdT are critical enzymes in Ig gene rearrangement and diversification (Dudley et al., 2005) . λ5 is an essential component of the pre-BCR, and necessary for survival beyond the pro-B cell stage (Shimizu et al., 2002) . Pax-5 is a transcription factor required to induce and maintain B cell identity (Cobaleda et al., 2007) . The expression level and temporal regulation of each transcript was comparable between BM and CD B cell fractions (Fig. 2E) . We compared the expression of BAFF-R and TACI in each sorted B cell compartment. The expression of each receptor gene was similar between BM and CD B cells for each B cell population (Fig. 2E) demonstrating that CD B cells share the gene expression profiles of their BM counterparts.
CD B cells express diverse Igh and Igκ rearrangements
To ensure that CD B cells express a diverse set of heavy chain (HC) and LC genes, we amplified V H 1-, V H 2-and V H 9-rearrangements to J H 1 by PCR. A non-rearranging gene, CD14, was used to normalize the amount of input DNA (∼20 ng). Genomic DNA from unsorted BL/6 BM served as a positive control for each PCR reaction; concurrently, sorted pro-/pre-B cells from BL/6 BM and CD B cell samples were directly compared (Fig. 3) . The V H 1 family (69 members) is located at the 5′ distal end of the Igh locus (IMGT/V-Quest). Both BM and CD samples showed equal V H 1 usage (∼3% of CD14 signal) (Fig. 3) . The V H 2 family (9 members) is located at the 3′ region of the Igh locus, proximal to the D cluster (IMGT/ V-Quest). BM and CD samples showed similar (∼0.8% of CD14 signal) usage of V H 2 gene segments (Fig. 3) . Lastly, we examined V H 9 (4 members), located in the center of the Igh locus (IMGT/V-Quest) and determined that BM and CD samples contained similar (∼ 0.1% of CD14 signal) amounts of these V-gene segments (Fig. 3) . These results indicated that the stochastic nature of HC V-gene selection during rearrangement of the BCR is intact for B cells grown in our culture system.
CD B cells rapidly differentiate to AFC and upregulate co-stimulatory molecules on TLR stimulation
To determine whether CD B cells were functional, we compared the response of mature B cells, MZ B cells (Snapper et al., 1993; Oliver et al., 1997) (Fig. 4A) . CD B cells differentiated into IgM AFC by day 2 (∼ 3% of input cells) and reached levels similar to mature and MZ compartments by day3 (Fig. 4A) . These results demonstrated that CD B cells were capable of rapid differentiation to AFC after LPS stimulation. Regulation of surface CD80 and CD86 expression after LPS stimulation is used to distinguish mature follicular (MF) and MZ B cells (Oliver et al., 1999) . LPS-treated mature, MZ and CD B cells were analyzed for CD80 and CD86 expression. Each group increased CD80 and CD86 expression within 48 h of LPS stimulation with MZ B cells expressing the highest levels (Fig. 4B) . CD B cells expressed an intermediate level of each co-stimulation molecule compared to mature and MZ B cells (Fig. 4B) . Each group reduced CD80/CD86 expression by the third day of LPS stimulation ( Fig. 4B ). These data demonstrate that CD B cells were able to differentiate in manners similar to splenic B cell compartments in response to TLR ligation.
Elevated frequencies of autoreactive CD B cells
There are several co-receptors that modulate signaling through the BCR, such as CD19, CD22 and CD21 (Chen et al., 2000c; Nitschke, 2005) . Mis-expression of these co-receptors can influence the intensity of down-stream signal transduction, sometimes resulting in autoimmunity (Tuscano et al., 2003) . Since IgM + IgD + CD B cells had elevated expression of CD23 and CD21 ( Fig. 2A) and developed without the BM microenvironment associated with central tolerance (Sandel and Monroe, 1999; Sandel et al., 2001) , we tested whether this culture system permitted the formation of autoreactive B cells. Previous work has demonstrated that the 3H9 HC encodes dsDNA and ssDNA binding with various LC (Shlomchik et al., 1990) . The 3H9 IgH transgenic and "knockin" (HC-KI) mice have been created to study the processes that promote selftolerance (Erikson et al., 1991; Chen et al., 1995) . We analyzed B cell compartments of 3H9 HC-KI mice and confirmed that the frequency of BM immature and transitional B cells was substantially reduced (25-40% of BL/6 controls) (Fig. 5A, left) . Furthermore, the number of immature/transitional B cells in BM of 3H9 HC-KI mice was reduced (20-30% of BL/6 controls) (Supplemental Fig. 2 ). After IL-7 + expansion of pro-/pre-B cells from 3H9 HC-KI and control BM, we tested whether 3H9 HC-KI immature and transitional B cells would develop in the Fig. 3 . CD B cells exhibit non-biased usage of several V H -family genes. Nonadherent BL/6 BM cells were cultured (1°-IL-7 and 2°-IL-7) to generate CD B cells. Cells were harvested and labeled with mAbs to B220, IgM and IgD. Pro-/ pre-B cells were sorted from BM (B6) or 2°CD B cells (CD) and genomic DNA was extracted from 10 6 cells using proteinase K digestion and phenol-chloroform extraction. Whole BM (BM) gDNA sample was used as positive control for detection. ∼20 ng of gDNA was amplified by q-rtPCR using V H 1-, V H 2-or V H 9-family specific 5′ primer with an intronic J H -1 specific 3′ primer. CD14-specific PCR reaction was used to normalize input quantities of gDNA. Values are represented as the percent of CD14 signal. Experiment was performed on sorted samples (n = 3 each) of BL/6 BM and 2°CD pro-/pre-B cells. immature, T1, T2 and mature, MZ B and B1 B cells were identified as previously described. (E) CD B cells and ex vivo BM cells were labeled with mAbs to B220, IgM, IgD, CD23 and CD21 to identify pro-/pre-, immature/T1 and T2/mature B cells. RNA was isolated from FACS sorted ex vivo BM (black) and CD B cell (gray) compartments. cDNA was created using oligo(dT) [12] [13] [14] [15] [16] [17] [18] and Superscript III reverse transcriptase. q-rtPCR was performed on cDNA samples (n = 2-3) from the B cell compartments described above. Values for each reaction were normalized to Igβ expression. Significant differences (*; p < 0.05) between groups were determined by (two-tailed) Student's t-test. Primers specific for β-actin, Igβ, BAFF-R, TACI, Pax5, λ5, TdT and RAG-1 are provided (Supplemental Table 2 (Fig. 5A, right) . The frequencies of immature and transitional 3H9 + CD B cells were much greater (∼ 4-fold and ∼10-fold, respectively) than the 3H9 HC-KI BM compartments (Fig. 5A, bottom) . These data suggested that autoreactive B cells lost during development in BM are recovered using this culture system.
To directly assess whether DNA-reactive B cells were generated in 3H9 HC-KI BM cultures, we activated 3H9 CD B cells (Fig. 5A , bottom right) with LPS and BAFF for fusion with NS0-bcl2 cells to create hybridomas (Yu et al., 2008) . Cells were sub-cloned at 0.3 cells/well and each mAb was characterized. All of 3H9 CD hybridoma lines were IgM and 11 (91.7%) of these 3H9 CD hybridomas utilized a κLC. One hybridoma (8.3%) utilized a λLC (Fig. 5B) . mRNA from each cloned hybridoma was isolated to generate cDNA and to confirm the presence of 3H9 Igh transcripts (Fig. 5B) . C. luciliae are commonly used to detect antibodies that react with native DNA (ADA) (Gilkeson et al., 1995) . Seven of the 3H9 CD hybridomas (6/11 κLC and 1/1 λLC) reacted with native DNA (Fig. 5B and Supplemental Fig. 2B ). Many families of light chains (Vκ3, Vκ4, Vκ8, Vκ9, Vκ21, Vκ23 and Vλ1) combine with the 3H9 HC and impart DNA-reactivity (Shlomchik et al., 1990; Radic et al., 1993) . We sequenced the LC loci of our 3H9 CD hybridomas and readily detected Vκ-and Vλ-family members that are "permissive" for DNA binding (Fig. 5B ). These data demonstrate that autoreactive B cells which are lost during development in BM are recovered using this culture system. (Fig. 6C ). CD B cells were able to restore serum IgM concentration progressively over the reconstitution period to near normal levels. Serum IgG was undetectable at day 7, but was comparable to normal controls by 4 weeks post-reconstitution. We investigated whether reconstitution of lymphopoiesis occurred in CD-RAG mice after cell transfer. We observed very few (<1%) BM B220 + cells that co-expressed IgM + (Supplemental Fig. 3A) . The thymus did not contain CD4 + CD8 + (DP), CD4 + (CD4-SP) or CD8 + (CD8-SP) T-cell progenitors, indicating that CD cells do not contain T-cell progenitors at the time of transfer to RAG-deficient mice (Supplemental Fig. 3B ). However, mature T-cell populations were retained through our culture system (Supplemental Fig. 1 ) leading us to examine mature T-cell reconstitution of CD-RAG mice. We harvested the spleen and LNs of BL/6, RAG1 −/− and CD-RAG mice to analyze mature T-cell compartments. The spleen and LNs of BL/6 mice contained both CD4 + and CD8 + cells that were predominately (>80%) CD62L hi CD44 lo "naïve" phenotype and a small frequency (∼5-10%) of CD44 hi "activated" or "memory" cells (Supplemental Fig. 3C-D, top) . RAG-1 −/− mice did not contain any CD4 + or CD8 + cells that we could detect (Supplemental Fig. 3C-D, middle) . Mature T cells were present in the spleen and LNs of CD-RAG mice at ∼ 5% and ∼ 35% of the B220 neg compartment, respectively, (Supplemental Fig. 3C-D, bottom) . Both CD4 + and CD8 + cells in CD-RAG mice were predominately (∼ 70-80%) CD44 hi , consistent with homeostatic driven proliferation (Kieper and Jameson, 1999) . These data indicated that mature T cells which survived in vitro were able to partially reconstitute the peripheral lymphoid tissue of RAG1 −/− mice.
Serum IgG autoantibody is present in CD-RAG mice
Autoreactive B cells can be eliminated from the mature B cell repertoire by peripheral tolerance mechanisms (Hartley et al., 1991; Silveira et al., 2004 ). Therefore, we tested whether autoreactive B cells were retained in vivo after reconstitution of RAG −/− mice. We screened serum collected from CD-RAG animals for the presence of IgG autoantibody. We included NIH-3 T3 cells as a source of mouse cellular antigens during these immunofluorescence studies. As a positive control, serum from C4 −/− mice contained detectable levels of anti-nuclear antibodies (ANA) and ADA as previously reported (Fig. 7, top) (Chen et al., 2000b) . Serum from BL/6 mice contained barely detectable levels of ANA and ADA (Fig. 7, bottom) and Ig-deficient RAG1 −/− serum served as a negative control for labeling (data not shown). Conversely, the serum of CD-RAG mice contained ANA and ADA at levels similar to or higher than C4 −/− mice (Fig. 7, middle) . The recovery of serum IgG autoantibody suggested that RAG −/− hosts permitted autoreactive CD B cells survival long enough to contribute to serum Ab restoration.
Discussion
B lymphocytes arise from committed lymphoid progenitors present in mouse BM (Kondo et al., 1997) . The BM stromal compartment consists of heterogeneous cell populations that confound the investigation of B cell development (Dorshkind, 1990 ) by providing distinct developmental niches for B cell progenitors (Nagasawa, 2006; Pereira et al., 2009 ). Many investigators have discovered the utility of in vitro culture techniques to identify factors that are required for mouse and human B lymphopoiesis (Fluckiger et al., 1998; Ray et al., 1998; Hess et al., 2001 ). Some B cell culture systems use sequential conditions that require the addition or removal of factors to promote B cell maturation (Claudio Luo et al., 2009) . We have described a stromaindependent culture system that supports the survival, proliferation and differentiation of virtually all BM B cell developmental stages. While, IL-7 is a key cytokine required for the development and survival of T cells (reviewed in (Bradley et al., 2005) ), de novo T-cell development, in vitro, requires stromal cells that express Notch ligands (Schmitt et al., 2004) . Indeed, we did not observe any early T-cell compartments (DN-DP) that characterize thymic development (data not shown). Compared to stroma-dependant techniques, the clear advantages of our culture system are i) the ability to easily scale the size of cultures to suit experimental requirements and ii) the ability to control cytokine composition and other culture conditions. The mature B cell repertoire contains a diverse array of BCR specificities that promote antigen recognition and host survival (reviewed in (Market and Papavasiliou, 2003) ). Several mechanisms, such as combinatorial association of variable-(V), diversity-(D) and joining-(J) gene segments, operate in developing B lymphocytes to promote BCR diversity (Chen and Alt, 1993; Benedict et al., 2000) . Nontemplated (N-) nucleotide addition and imprecise joining of recombining VDJ gene segments further contribute to the diversity of the BCR repertoire (Benedict and Kearney, 1999 Table 2 and Supplemental Table 2 ). Over thirty distinct V H 1 family members were recovered, representing ∼ 50% of all V H 1 gene segments (Supplemental Table 2 ). The recovered V H 1 gene segments were associated with 11 different D gene segments (Table 2 and Supplemental  Table 2 ) and contained both P-and N-nucleotide addition at V-D and D-J junctions (Table 2 ). This analysis was extended to the Vκ4 and Vκ5 LC loci in pre-and im/T1 CD B cells. Similar mechanisms of diversity, with the exception of N-nucleotide addition, were detected in the LC repertoire (Table 2 and Supplemental Table 2 ). Taken together, our sequencing data demonstrates that CD B cell development supports typical and diverse V(D)J rearrangements that are comparable to that present in BM pools. The molecular mechanism of Ig recombination permits the addition and/or removal of nucleotides which can generate frame-shift mutations, resulting in a truncated, non-functional immunoglobulin protein (Baumann et al., 1985). We determined the reading frame of our CDR3 sequences based on two criteria: a conserved cysteine residue of the framework-3 (FW3) region of V-gene segments and the J H to Cμ or J K to C K splice site present in each J-gene segment. The Igh and Igκ genes were analyzed for functional (F) and non-functional (nF) rearrangements; both F and nF rearrangements were observed (Table 2 ) in a ratio of 1/1 (n = 231 sequences). Thus, these cultures efficiently support both combinatorial and junctional diversity to establish a diverse set of BCR. All CD B cells express low levels of CD5 (Fig. 2) , raising the possibility that our cultures preferentially support B-1 B cell development from fetal-like progenitors (Dorshkind and Montecino-Rodriguez, 2007) . We think this possibility is unlikely. First, B-1 B cell progenitors preferentially develop in the fetus and hematopoietic reconstitution by adult BM inefficiently supports the generation of CD5 + B cells (Hayakawa et al., 1985; Hardy and Hayakawa, 2001) . Although small numbers of hematopoietic stem cells (HSC) with fetal characteristics can be found in the BM of very young (≤2-4 weeks) mice (Bowie et al., 2006; Kikuchi and Kondo, 2006) , our experiments used BM cells from significantly older (>6 weeks) BL/6 mice, well after the establishment of adult hematopoiesis. Second, although B-1 B cells are maintained in adult mice by self-renewal (Hayakawa et al., 1986) , the potential for selfrenewal from the few Ig + cells in IL-7 cultures ( Fig. 1) (Fig. 1) , a marker of developmentally immature B cells but not the progeny of dividing, mature B lymphocytes (McKearn et al., 1984) . It is, therefore, implausible that self-renewal by B1 cells contributes significantly to the Ig + CD B cell populations.
Finally, CD B cells show substantial evidence of Tdt expression (Fig. 2E ) and activity (Table 2) whereas Tdt expression is low or absent during fetal B cell development (Feeney, 1990; Li et al., 1993) .
During development, self-reactive B cells are tolerized by apoptosis, anergy, or receptor editing (reviewed by Goodnow (1992) . These tolerizing processes have been examined in various transgenic mouse lines that express BCR for authentic (Nemazee and Burki, 1989; Erikson et al., 1991) or neo-selfantigens (Hartley et al., 1991) . These experimental models defined immature and transitional-1 (T1) B cells as the targets of tolerizing apoptotic signals by developmental blockade (Hartley et al., 1993) and identified anergy (Adams et al., 1990 ) and receptor editing (Gay et al., 1993; Tiegs et al., 1993) by characterization of B cell populations that escape apoptotic deletion. By introducing HEL antigen(s) to IL-7 + BM cultures, HEL-specific BCR Tg + B cells were induced to undergo "de-differentiation" and "receptor editing", defined as the loss of surface IgM, increased expression genes associated with earlier (pro-and pre-B) developmental stages and the initiation of endogenous LC rearrangement (Tze et al., 2000 (Tze et al., , 2003 (Tze et al., , 2005 . Clearly, factors that promote B cell survival, such as Bcl-2 over-expression, alter B cell selection and result in autoimmunity (Nisitani et al., 1993; Lang et al., 1997) . BAFF Tg mice contain high levels of rheumatoid factors, circulating immune complexes, ADA and immunoglobulin deposition in the kidneys . Our cultures support B cell maturation with BAFF at 20 ng/ml, which is ∼5-10 times greater than BL/6 serum BAFF concentration (data not shown). It remains unclear whether elevated BAFF-R signaling is required, in vitro, for self-reactive B cell survival or that specific "death signals" are absent. Apoptotic thymocytes marked for clearance are rapidly removed by the mononuclear phagocyte system (Surh and Sprent, 1994) . The possibility remains that autoreactive B cell development would be abolished in the presence of phagocytes. However, autoreactive B cells survive in vivo and facilitate serum Ab reconstitution after transfer to RAG1 −/− mice (Fig. 7) .
Consequently, we measured serum BAFF in B-lymphopenic animals, RAG1 −/− and μMT mice, and determined the concentration to be ∼ 400-500 ng/ml, roughly 100-fold higher than normal mice (data not shown). Would pretreatment of RAG1 −/− recipient animals with TACI-Ig, thereby lowering systemic BAFF availability, favor B cell reconstitution of non-autoreactive B cells at the expense of autoreactive clones? These observations predict that B cell autoimmunity could be modulated by controlling BAFF availability in the organism and, in fact, BAFF is a current target for therapeutic intervention in autoimmune disorders (Pelletier et al., 2003; Pranzatelli et al., 2008) . Recently, the mitigating effects of tolerizing processes in humans have been investigated by expressing IgH and IgL rearrangements from single immature, transitional, and mature B cells and determining the frequencies at which these Ab reacted with self-antigens (Wardemann et al., 2003 . Our culture system allows for the systematic analysis of autoreactive B cells removed from the primary repertoire by recovering cells reactive to common autoantigens and identifying their V H and Vκ/λ pairs. In humans, autoreactive Ab frequencies decline with increasing developmental maturity by virtue of apoptotic loss and receptor editing (Wardemann et al., 2003 , even when cells were recovered from peripheral sites (Meffre et al., 2004; Tsuiji et al., 2006) . Similarly, analysis of 3H9 Tg + mouse BM cells revealed that IgM + B cells did not co-label with an antiidotypic 3H9 antibody, suggesting that 3H9 B cell-specificities were lost no later than the immature/transitional stage(s) (Gay et al., 1993) . Furthermore, Ig heavy chain gene replacement occurs in some 3H9 HC-KI B cells as a mechanism of receptor editing (Chen et al., 1995) . Since DNAreactive 3H9 + B cells were readily recovered in our culture system, mechanisms that promote tolerance of developing lymphocytes can be investigated using this model by the manipulation of antigens, cell populations and/or survival factors. Some bacterial pathogens avoid humoral immunity by mimicking host antigens, thereby exploiting a hole in the primary Ab repertoire achieved after tolerance is established (Bowes et al., 2002) . The frequency of protective, broadly neutralizing Abs directed against conserved viral antigens is extraordinarily low (Burton et al., 2004; Ekiert et al., 2009) . It has been suggested that HIV-1 limits humoral immunity to the conserved membrane-proximal external region (MPER) of gp41 by antigen mimicry . Our culture system may provide a novel window into the "hidden" B cell repertoire against pathogens that also cross-react with selfantigens. In conclusion, our B cell culture system forms a suitable platform to provide substantial insight into areas of B cell biology, such as development, selection and immunity.
